IMPORTANCE
The 2009 pandemic H1N1 virus continues to circulate and reassort with other influenza viruses, creating novel viruses with increased replication and transmission potential in humans. Previous studies have found that this virus can also reassort with H5N1 and H9N2 avian influenza viruses. We now show that several genome segments of the 2009 H1N1 virus are also highly compatible with a low-pathogenicity avian H7N3 virus and that these reassortant viruses are stable and not attenuated in an animal model. These results highlight the potential for reassortment of H1N1 viruses with avian influenza virus and emphasize the need for continued surveillance of influenza viruses in areas of cocirculation between avian, human, and swine viruses. R eassortment of influenza A viruses (IAVs) produces diversity and antigenic novelty within circulating strains, sometimes leading to the emergence of pandemic viruses that cause widespread disease in humans. Avian IAV subtypes, including H5, H7, and H9, have caused sporadic but sometimes fatal disease in humans (1, 2) . Zoonosis of these viruses or derivative lineages formed via reassortment with strains capable of human-to-human transmission may lead to the emergence of novel viruses with pandemic potential (3) . Indeed, multiple bird-origin viruses, most notably H5N1 and H9N2 strains, were able to cause disease in mammals and had limited but enhanced transmission potential following experimental reassortment with the 2009 pandemic H1N1 ( P H1N1) virus (2, 4) . Genetically diverse IAVs may therefore gain the ability to induce disease and transmit between mammals if an appropriate genetic constellation is assembled through reassortment.
H7 subtype viruses intermittently infect and cause disease in humans following contact with infected birds (1, 5) . Outbreaks of H7 viruses in humans have occurred in geographically distinct areas, including The Netherlands (2003) , Canada (2004) , Mexico (2012) , and China (2013) (6) . Sporadic infections such as these, which sometimes result in severe disease, suggest that introduction of a H7 subtype virus capable of sustained transmission between humans has the potential to initiate a significant outbreak. Recently, a reassortant, low-pathogenicity H7N9 virus emerged in China with a case-fatality rate of approximately 25%, making this the most severe and sustained incursion of H7 subtype viruses into the human population (7) . Although person-to-person transmission has not been consistently demonstrated, the virus is capable of limited transmission in guinea pig and ferret models without prior adaptation, suggesting the potential acquisition of transmission-related adaptations through mutation or reassortment (7) (8) (9) (10) . The sustained and ongoing geographic cocirculation of H7-bearing viruses with the P H1N1 strain poses a risk for reassortment that may create H7-bearing viruses containing one or more P H1N1-origin gene segments (11) .
Reassortment of IAV genes, including those endemic in animal reservoirs, has given rise to pandemic IAVs, most recently, P H1N1 in 2009 (12) . In each case, antigenic shift of external proteins occurred as well as transfer of gene segments encoding internal and nonstructural proteins. P H1N1 resulted from three independent reassortment events involving genes from swine, human, and avian viruses. This triple-reassortant swine-origin IAV, first identified in Mexico, consists of PB2, PB1, PA, hemagglutinin (HA), NP, and NS derived from a North American swine virus isolate and the NA and M segments from an Eurasian lineage swine influenza virus (12) . Further reassortment events between P H1N1 and swine IAV have resulted in the creation of variant H1N1v, H2N1v, and H3N2v viruses capable of causing disease in humans. All variant viruses contain segment 7 (M) of P H1N1, which has been shown to confer aerosol transmissibility to previously nontransmissible viruses (13, 14) . The widespread distribution of P H1N1 coupled with its high rate of reassortment with environmental viruses suggests the potential for the emergence of novel P H1N1 segment-containing IAV genome constellations with increased virulence or transmissibility in humans.
North American H7N3 IAVs cocirculate with P H1N1; however, the ability of these avian viruses to reassort with P H1N1, modify virologic traits, and induce disease in mammals is not known. This study was initially designed to identify the genome segments derived from diverse bird-and human-origin IAV that were most compatible with an avian-origin LPAI (low-pathogenicity avian influenza) H7N3 virus. We devised a competitive reverse genetics strategy to examine selection of a single genome segment when multiple versions of that segment are present in a cell, mimicking cellular coinfection. We found that P H1N1 PB2, NA, and M genome segments are capable of outcompeting the parental H7N3 strain and additional heterologous segments of diverse origins in competitive reverse genetic experiments. As a result of the competitive reverse genetic studies, we generated and characterized the parental H7N3 and P H1N1 viruses and seven H7N3: P H1N1 (7 ϩ 1) reassortant viruses. Characterization of single-segment reassortants demonstrated that multiple genome segments from P H1N1 either enhanced (PB2) or maintained (NA or M) H7N3 replication and virulence in a mouse model of infection. Finally, adaptation of substituted P H1N1 segments was not required for function within the H7N3 backbone, suggesting that these newly formed genomic constellations are genetically and functionally stable.
MATERIALS AND METHODS
Biosafety and ethical considerations. All experiments were carried out under conditions of enhanced biosafety level 2 (BSL2) containment and approved by the Washington University in Saint Louis Institutional Biosafety Committee. The H7N3 virus A/shorebird/Delaware/22/2006 used in this study is neuraminidase inhibitor sensitive, as are all the reassortant H7N3 viruses that were generated and used in this study. Additionally, the parental H7N3 virus has a genetic signature indicative of an ␣-2,3-sialic acid (avian receptor) binding preference and does not bear a multibasic cleavage site; therefore, we reasonably anticipated that these experiments, in which this H7 HA was maintained, would not result in increased host range or transmission to a new (mammalian) host. Finally, the NA gene of A/Memphis/03/2008 (H1N1) was excluded from this study due to a H 274 Y mutation that confers resistance to neuraminidase inhibitors (15 ) viruses and all of the H7N3: P H1N1 7 ϩ 1 single-reassortant viruses were generated using the 293T-Madin-Darby canine kidney cell (MDCK) coculture system, and supernatant was injected into 10-day-old embryonated chicken eggs for 48 h at 35°C (Cackle Hatcheries, IA, USA). Allantoic fluid containing the infectious virus was harvested and stored at Ϫ80°C. The viral titer (50% tissue culture infectious dose [TCID 50 ]) was determined using MDCK cells, and viral stock used in this study was titrated at least twice independently. Single-reassortant viruses on the background of H7N3 possessing a single genome segment from P H1N1 used in this study have been named with the following convention-seven segments from the H7N3 virus plus the substituted P H1N1 segment in subscript (for example, H7N3 NA ).
Cells. MDCK cells were maintained in minimal essential medium (MEM) with 5% fetal bovine serum (FBS), vitamins, L-glutamine (Invitrogen), penicillin, and streptomycin. 293T cells were maintained in Opti-MEM with 10% FBS, L-glutamine, penicillin, and streptomycin. A549 cells were maintained in Dulbecco's minimal essential medium (DMEM) with 10% FBS, vitamins, L-glutamine, penicillin, streptomycin, 25 mM HEPES, and nonessential amino acids (NEAA).
Competitive reverse genetic assay. A competitive reverse genetic assay was developed to evaluate the ability of avian and human IAV genome segments to reassort in the context of an avian H7N3 viral background (Fig. 1A) . 293T-MDCK cocultures were transfected with pHW2000 plasmids (1 g per segment) containing seven genome segments of H7N3 virus plus four (for NA segment due to exclusion of NA from S H1N1) or five (e.g., PB2) plasmids carrying a single genome segment from different avian and human influenza viruses. All transfections included the wildtype H7N3 (H7N3 WT ) segment in addition to those from divergent strains. Because of biosafety considerations, we did not evaluate the HA genome segment. The total amount of cotransfected plasmid DNA for the 8th segment (1 g) was divided equally among the four or five studied viruses, including the parental strain. The DNA was mixed at a 1:2 ratio with Trans-IT LT1 (Mirus) in Opti-MEM for 20 min at room temperature and added to the culture medium. Following an overnight incubation, the cell culture medium was removed and 1 ml of fresh Opti-MEM supplemented with penicillin, streptomycin, and L-glutamine was added. Twenty-four hours later, an additional 1 ml of Opti-MEM with 1 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worthington) was added. Forty-eight hours later, supernatants were collected, and cell debris was removed by centrifugation at 1,200 ϫ g and frozen at Ϫ80°C until further analysis. Clonal viral populations were isolated by limiting dilution assay using MDCK cells, and then viral RNA (vRNA) was extracted, reverse transcribed using a vRNA-specific primer, and amplified with segment-specific PCR primers. Genome segment amplicons were genotyped by either restriction fragment length polymorphism (RFLP) analysis or Sanger sequencing. RFLP analysis was performed with one to four different restriction enzymes, yielding a unique fragment length pattern for each segment and strain, as follows: PB2 (EcoRI, HindIII, and BamHI); PB1 (HindIII); PA (BamHI, HindIII, and XbaI); NP (BamHI and BglII); NA (BamHI, BglII, EcoRI, and BsmBI); and M (BamHI, HindIII, XcmI, and PvuII). All restriction enzymes were obtained from New England BioLabs and used according to their instructions. The NS gene segment was genotyped by Sanger sequencing. Competitive reverse genetic assays were completed at least twice independently for each genome segment. On average, we tested 48 clonal viruses per genome segment with a minimum of 24 (M segment) and a maximum of 71 (PA segment) viruses.
Virus genome sequence analysis. After expansion of virus in eggs, the nucleotide identity of the singly substituted genome segment in each H7N3: P H1N1 7 ϩ 1 single-reassortant virus was verified by Sanger sequencing. Viral genomic RNA was extracted and reverse transcribed as described above. Segment-specific PCR was conducted, and the resulting amplicon was purified by agarose gel electrophoresis and then submitted for sequencing with an overlapping panel of sequencing primers derived from the parental P H1N1 virus consensus sequence. We then assembled contiguous sequences for each segment and aligned them to the parental segment for analysis. The same sample preparation and analysis methods were used for materials derived from homogenate.
Multistep growth curves of influenza A virus. MDCK or A549 cells (2 ϫ 10 5 ) were seeded in 24-well plates and inoculated the next day with 50 TCID 50 (MDCK) or 10 5 TCID 50 (A549) of IAV. MDCK cells were washed once with phosphate-buffered saline (PBS) before the inoculum was added into MEM containing penicillin, streptomycin, L-glutamine, and vitamins plus 0.1% bovine serum albumin (M0.1B) for 1 h at 37°C. After 1 h, the cells were washed once with PBS and 1.0 ml of M0.1B with 1 g/ml TPCK-trypsin was added to each well. A549 cells were washed once in DMEM containing penicillin, streptomycin, L-glutamine, and vitamins plus 0.1% bovine serum albumin and NEAA (D0.1B) prior to inoculation with virus diluted in D0.1B. After 1 h at 37°C, the A549 cells were washed once with D0.1B and 1.0 ml of D0.1B with 0.5 g/ml TPCKtrypsin was added to each well. Culture supernatants from either cell type were collected at 24 and 48 h postinfection (hpi), and the amount of infectious virus was quantified by titration on MDCK cells. The results are the averages of two to three experiments, each performed in duplicate. Phylogenetic analysis of IAV segments. Nucleotide alignments were generated for complete genome segments using the ClustalW algorithm in Following transfection, individual virus particles were cultured in MDCK cells using a limiting dilution assay. Virus-positive wells were identified by HA assay, and the remaining supernatant was used to purify viral RNA. cDNA was generated using a universal influenza primer, and the segment of interest was amplified using segment-specific PCR primers and analyzed by restriction length fragment polymorphism (RFLP). RT-PCR, reverse transcription-PCR. (B) Pie charts depicting the relative distribution of four or five gene segments that were identified among the competitive reverse genetics-derived H7 viruses. The results represent the cumulative distribution of results from two or more independently repeated experiments; 334 viruses in total were sampled. The NA gene of A/Memphis/03/2008 (NA-inhibitor insensitive) was excluded from these analyses. Phylogenetic trees for each corresponding segment illustrate the genetic relationships between the assayed segments (bootstrapped 1,000ϫ). The line beneath each phylogenetic tree represents 1 nucleotide substitution per 100 nucleotides.
Lasergene MegAlign (version 11.1.0; DNASTAR, Inc.), bootstrapped 1,000ϫ, and used to construct neighbor-joining phylogenetic trees.
TCID 50 assay. Confluent monolayers of MDCK cells were grown overnight in 96-well plates. The next day, the cells were washed with PBS and inoculated with 10-fold serial dilutions (10 Ϫ1 to 10 Ϫ8 ) of culture supernatant, allantoic fluid, or lung homogenate for 1 h in M0.1B at 37°C and 5% CO 2 . After 1 h, the inoculum was removed and replaced with M0.1B supplemented with 1 g/ml TPCK-trypsin and incubated for 72 h. The presence of virus was determined by hemagglutination assay using 0.5% turkey red blood cells. The TCID 50 was determined by the ReedMuench method (17) .
Intranasal inoculation of mice with influenza viruses. Male C57BL/6J mice (6 to 8 weeks of age) were bred in-house in a barrier facility at Washington University School of Medicine, St. Louis, MO, USA. The mice received food and water ad libitum, and all experiments were conducted in accordance with rules of the Institutional Animal Care and Use Committee. Mice were inoculated intranasally with 10 3 or 10 4 TCID 50 units of IAV-30 l of sterile PBS after sedation with 2,2,2-tribromoethanol (Avertin; Sigma-Aldrich, MO, USA). Morbidity and mortality following intranasal inoculation were monitored for 7 days (10 4 TCID 50 ) or 14 days (10 3 TCID 50 ). To assess lung viral titers, mice inoculated with 10 4 TCID 50 were sacrificed on days 3 or 7 postinoculation and the entire lung was collected, homogenized in 1.0 ml of infection media, cleared by centrifugation at 1,000 ϫ g for 5 min, and stored in aliquots at Ϫ80°C. Experiments in which an inoculum of 10 4 TCID 50 was used were terminated at 7 days postinoculation. All mice survived to this point, at which time total lung tissue was harvested. Experiments in which an inoculum of 10 3 TCID 50 was used were terminated at 14 days postinoculation. Viral titers from lung homogenates were determined by TCID 50 assay. The results from the lung titrations are averages of at least two independent experiments.
Cytokine array. Cytokine and chemokine production in lung homogenates was measured using a 23-plex cytokine array (Bio-Plex Pro Mouse Cytokine 23-plex assay; Bio-Rad) according to the manufacturer's protocol. The cytokine screen included inteleukin-1␣ (IL-1␣), IL-1␤, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, eotaxin, granulocyte colony-stimulating factor(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), gamma interferon (IFN-␥), KC, monocyte chemoattractant protein 1 (MCP-1), MIP-1␣, MIP-1␤, RANTES, and tumor necrosis factor alpha (TNF-␣). As many samples fell below the limit of detection, we excluded a number of the cytokines (IL-2, IL-3, IL-4, IL-9, and IL-17) from our analysis. Results from the cytokine array are the averages of at least two independent experiments (for day 3, for wild-type H7N3 [H7N3 WT ], n ϭ 6, for H7N3 PB2 , n ϭ 5, for H7N3 NA , n ϭ 6, for H7N3 M , n ϭ 5, and for P H1N1 WT , n ϭ 7; for day 7, for H7N3 WT , n ϭ 5, for H7N3 PB2 , n ϭ 7, for H7N3 NA , n ϭ 7, for H7N3 M , n ϭ 4, and for P H1N1 WT , n ϭ 10).
Influenza A virus minigenome reporter assay. The PB2, PB1, PA, and NP genes from H7N3 and P H1N1 were cloned into the pcDNA3.1ϩ (Invitrogen) mammalian expression vector from the corresponding pHW2000 plasmid. The PA of pH1N1 containing the P 295 L mutation was cloned from the reassortant H7N3 PA virus generated in this study. The pLuci plasmid was kindly provided by H.-L. Yen (Hong Kong University, Hong Kong, China) and contains the firefly luciferase gene flanked by the noncoding regions of the NP gene segment in the negative orientation under the control of a human RNA polymerase I promoter. Cells were maintained at 37°C for the duration of the experiment. A Renilla luciferase expression plasmid was included for normalization. 293T cells were seeded into 24-well plates and transfected with PB2, PB1, PA, and NP expression plasmids (83 ng/plasmid) along with the two luciferase-containing plasmids (total of 500 ng DNA) using TransIT-LT1 in each well. The following day, the medium was changed and cells were incubated for 48 h, harvested, and lysed for analysis of luciferase activities (Promega). Each combination of polymerase proteins (set of plasmids) was examined in duplicate, and each procedure was repeated independently in three or more separate experiments. The relative light units (RLU) for firefly luciferase activity were normalized to the RLU for Renilla luciferase activity within the same sample to account differences in transfection efficiency between wells and experiments. Polymerase activity was normalized to that of the parental H7N3 polymerase proteins.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 6.0 software. The Mann-Whitney U test was used to determine the statistical significance of the results of comparisons of lung virus titers. One-way analysis of variance (ANOVA) was used with Dunnett's multiple-comparison test to determine the statistical significance of the results of comparisons of cytokine and chemokine production levels in lung homogenates, with all comparisons made to H7N3 WT for the indicated day. Two-way ANOVA was used in the analysis of weight loss differences following influenza A virus infections in mice. Student's t test was used to assess statistical differences between conditions in the minigenome reporter assay, with all comparisons made to the wild-type combination of H7N3 proteins.
RESULTS
A North American H7 virus preferentially selects avian and 2009 pandemic H1N1 genome segments under competitive conditions. Previous studies examining the reassortment potential of H5 and H9 subtype avian IAV and human-derived IAV reported high compatibility between diverse bird-and human-origin genome segments (2, 4, 15, 16) . However, it remains unclear if H7 subtype viruses can undergo similar reassortment events with other avian and human IAV. The recent emergence of H7N9 in China demonstrates that H7 subtype viruses can infect humans and, if they acquire the ability to transmit between humans through reassortment, may pose a significant public health threat. Therefore, we sought to determine if North American H7 subtype viruses are capable of extensive reassortment with human or mammalian viruses.
We developed a competitive reverse genetics assay to evaluate the ability of heterologous genome segments from human and avian viruses to reassort efficiently with a North American lowpathogenicity H7N3 virus (Fig. 1A) (Fig. 1B) . Pools of infectious viruses were rescued and subjected to limiting dilution assays to culture clonal viral populations and to identify the segment of interest by via RFLP analysis or Sanger sequencing.
A total of 334 viruses were analyzed for 7 genome segments in the context of H7N3 virus (HA was excluded). We observed a high frequency of isolated viruses containing reassorted genome segments from avian H7N3-derived (29%) or H7N9-derived (34%) sources (Fig. 1B) . In particular, the PB1, PA, NP, and NS reassorted genome segments were predominantly (81%) of avian virus origin. In contrast, as shown by examination of the identity of competitively selected segments, the PB2, NA, and M genome segments were derived mostly from mammalian IAV, with a clear bias toward the P H1N1 virus. The NA gene of P H1N1 was identified in 100% (68/68) of the NA gene-reassorted H7 viruses, while the M and PB2 gene segments constituted 55% (13/24) and 35% (14/37) of the examined H7 viruses, respectively. Combined, 32% of all isolated H7 viruses contained genome segments derived from P H1N1, suggesting a high degree of compatibility between H7N3 and P H1N1 virus. Genome segments from PR8 H1N1 were identified sporadically, at a rate of 5% (15/334), among the H7N3 viruses. Of these, 8 contained the PB2 gene of PR8 H1N1. Finally, 0% (0/266) of the genome segments from S H1N1 were identified among the H7 viruses, suggesting a low level of genetic compatibility between human H1N1 viruses circulating prior to 2009 and avian H7N3 virus.
Most H7N3: P H1N1 7 ؉ 1 viruses replicate efficiently in MDCK cells. We observed a high degree of genetic compatibility between genome segments of P H1N1 and H7N3 viruses in our competitive reverse genetics assay and sought to determine the replicative ability of each single-reassortant virus bearing individual P H1N1 segments in the background of H7N3. All 7 ϩ 1 reassortant viruses were generated independently by reverse genetics and amplified in chicken eggs. We inoculated MDCK cells with 50 TCID 50 and collected supernatant at 24 and 48 hpi ( Fig. 2A and B , respectively). H7N3 virus replicated to high titers at 24 hpi (10 7.8 / ml) and 48 hpi (10 7.9 /ml). In contrast, P H1N1 virus replicated to significantly lower titers at 24 (10 5.8 /ml) and 48 hpi (10 6.4 /ml) (P Ͻ 0.01 for both time points). H7 viruses containing the NA (H7N3 NA ) or M (H7N3 M ) gene segment of P H1N1 virus grew to similar titers (P Ͼ 0.2) at 24 hpi (10 7.6 /ml for H7N3 NA and 10 7.3 /ml for H7N3 M ) and 48 hpi (10 8.2 /ml for H7N3 NA and 10 8.1 /ml for H7N3 M ). The titers of H7N3 reassortant viruses containing the PB2 (H7N3 PB2 ; 10 6.8 /ml), PA (H7N3 PA , 10 5.9 /ml), NP (H7N3 NP ,10 5.7 /ml), or NS (H7N3 NS ,10 6.3 /ml) gene segment of P H1N1 were significantly lower than those seen with the H7N3 parental virus at 24 hpi (P Ͻ 0.001) but not at 48 hpi (P Ͼ 0.15). Finally, the virus titer of H7N3 PB1 was significantly (P Ͻ 0.001) lower than that seen with parental H7N3 at 24 and 48 hpi (10 4.4 /ml and 10 4.6 /ml, respectively). Overall, our results indicate that most H7N3 viruses possessing a single genome segment of P H1N1 are able to replicate efficiently in a MDCK cell culture system and that the NA gene and M gene of P H1N1 did not attenuate H7N3 virus in vitro.
The majority of H7N3: P H1N1 7 ؉ 1 viruses are attenuated in A549 cells. Next, we measured replication of the 7 ϩ 1 reassortant viruses in a human lung epithelial cell line (A549). H7N3 virus replicated to 10 3.5 TCID 50 /ml at 24 hpi and 10 4.0 TCID 50 /ml at 48 hpi. P H1N1 virus replicated to titers that were equivalent to those seen with H7N3 virus at 24 hpi (10 3.7 TCID 50 /ml) and that were significantly higher at 48 hpi (10 5.2 TCID 50 /ml; P Ͻ 0.05). H7N3 virus containing the M segment of pH1N1 (H7N3 M ) was able to grow in A549 cells, although the growth was less efficient that of the wild-type H7N3 virus at 48 hpi (10 3.5 TCID 50 /ml; P Ͻ 0.05). The 7 ϩ 1 reassortant virus containing the PB2 genome segment of P H1N1 replicated to titers that were equivalent to those seen with the H7N3 virus at 24 hpi (10 3.7 /ml) and higher at 48 hpi (10 4.7 /ml; P Ͻ 0.05). Finally, we did not detect replicating virus from the H7N3 PB1 , H7N3 PA , H7N3 NP , H7N3 NA , or H7N3 NS reassortant viruses in culture supernatant at either time point postinoculation. These data suggest that the majority of the gene segments of P H1N1 attenuate H7N3 virus growth in human cells.
PB2, PA, and NP segments of P H1N1 increase H7N3 polymerase activity in human cells. We employed a minigenome reporter assay to assess the polymerase activity of different viral polymerase complexes in human 293T cells. We found that the full complement of P H1N1 proteins generated greater reporter activity than did the H7N3 polymerase proteins (1.8-fold increase, P Ͻ 0.01; Fig. 3) . Substitution of the PB2 or NP protein with those from P H1N1 increased polymerase activity by 1.8-fold (P Ͻ 0.01) or 1.4-fold (P Ͻ 0.001), respectively. The PA of P H1N1 increased the polymerase activity more than 20-fold (P Ͻ 0.001). We also evaluated a PA protein of P H1N1 containing a proline-to-leucine substitution at position 295 (P 295 L). This mutation was selected for H7N3 PA virus cultured in 10-day-old embryonated chicken eggs. The polymerase activity of the mutant PA remained more than 10-fold (P Ͻ 0.001; Fig. 3 ) greater than that of the H7N3 protein complex. Interestingly, substitution of P H1N1 PB1 into a majority H7N3 polymerase complex resulted in a 25-fold reduction in polymerase activity (P Ͻ 0.001). To examine if this was due to strain-dependent differences in PB1 protein expression, we analyzed protein expression by flow cytometry (mean fluorescence intensity [MFI]) using His-tagged versions of the PB1 of H7N3 and P H1N1 virus. We did not observe a difference in MFI between these two proteins (data not shown), suggesting that the 25-fold difference in reporter activity is due to inherent differences in compatibility between the polymerase proteins. Overall, the H7N3 virus appears well adapted to mammalian cells and the introduction of the PB1 of P H1N1 severely attenuates the H7N3 virus.
H7N3: P H1N1 7 ؉ 1 reassortant viruses induce distinct morbidities in vivo. Given the high degree of functional compatibility between P H1N1 and H7N3 virus in vitro, we next determined the relative levels of fitness of these H7N3 viruses containing individual gene segments of P H1N1 in vivo. C57BL/6J mice were inoculated intranasally with either parental (H7N3 or P H1N1) or singlesegment-reassortant viruses, and the mice were weighed at regular intervals for 1 week (10 4 dose) or 2 weeks (10 3 dose) depending on the inoculum size. Mice inoculated with 10 4 TCID 50 of H7N3 demonstrated substantial weight loss beginning at 3 days postinfection (dpi) (10%) that continued until the experiment was ended at 7 dpi (21%). Inoculation with 10 4 TCID 50 of P H1N1 induced up to 30% weight loss relative to the starting weight within 7 days (Fig. 4A) , demonstrating that the P H1N1 virus is more pathogenic in mice than the avian H7N3 virus. H7N3 viruses containing single gene segments for P H1N1 differed in their ability to cause weight loss. Inoculation with 10 3 or 10 4 TCID 50 of H7N3 virus containing the PB2 segment of P H1N1 induced significantly (P Ͻ 0.05) more weight loss than inoculation with the H7N3 virus, including rapid weight loss (Ͼ20%) within the first 3 days following inoculation (Fig. 4A) . Importantly, the H7N3 PB2 virus was significantly (P Ͻ 0.005, days 8 and 10; P Ͻ 0.01, days 12 and 14) less virulent than the P H1N1 virus at the lower inoculum (Fig. 4D) . Inoculation with 10 4 H7N3 NA or H7N3 M resulted in levels of weight loss that were equivalent to those seen with H7N3 at all times ( Fig. 4B ; P Ͼ 0.1). Inoculation with reassortant H7N3 viruses possessing the PB1, PA, NP, or NS of P H1N1 did not induce appreciable weight loss at any day postinoculation, suggesting that these gene segments from P H1N1 attenuate H7N3 virulence in vivo.
H7N3 reassortant viruses possessing P H1N1 PB2, NA, or M do not attenuate replication in vivo. To further evaluate the compatibility between H7N3 and P H1N1 viruses, we measured virus titers in lung tissue 3 and 7 dpi with 10 4 TCID 50 of all parental and single-gene reassortants. Lung viral titers 3 days after P H1N1 virus inoculation (10 6.4 /ml) were significantly (P Ͻ 0.005) higher than those seen after H7N3 virus inoculation (10 5.9 /ml; Fig. 5A ). However, this difference in virus load disappeared by day 7 for H7N3 (10 5.3 /ml) and P H1N1 (10 5.7 /ml) (P Ͼ 0.15; Fig. 5B ). The virus load in lungs of H7N3 PB2 -infected animals was significantly higher at 3 dpi (10 6.5 /ml; P Ͻ 0.05) but not at 7 dpi (10 5.0 /ml; P Ͼ 0.15) than that seen with H7N3 virus. Importantly, the viral load in H7N3 PB2 -infected lungs was similar to that of P H1N1 virus at day 3. Inoculation with H7N3 NA or H7N3 M resulted in lung virus titers similar to those seen with H7N3 at both 3 dpi (10 5.7 /ml for H7N3 NA and 10 5.5 /ml for H7N3 M ) and 7 dpi (10 5.2 /ml for H7N3 NA and 10 4.3 /ml for H7N3 M ) (P Ͼ 0.05 for all comparisons). H7N3 reassortant viruses bearing the PA or NS gene segment of P H1N1 replicated in vivo; however, the virus titers were significantly lower at 3 dpi (10 4.0 /ml for H7N3 PA and 10 2.2 /ml for H7N3 NS ; P Ͻ 0.005 and P Ͻ 0.01, respectively) and 7 dpi (10 2.0 /ml for H7N3 PA and 10 2.0 /ml for H7N3 NS ; P Ͻ 0.005 and P Ͻ 0.005, respectively) than the H7N3 virus titers (Fig. 5) . Finally, H7N3 NP and H7N3 PB1 viruses were never detected at 3 or 7 dpi. These results suggest that the PB2, NA, and M genes of P H1N1 are ge- PB2, NA, or M does not attenuate H7N3 replication. Male C57BL/6J mice were inoculated with 10 4 TCID 50 of H7N3, P H1N1, or the indicated reassortant virus, and lung viral titers were quantified 3 and 7 days postinoculation. Virus titer present in whole-lung homogenate at day 3 (A) or day 7 (B) was determined by virus titration assay performed on MDCK cells and expressed as TCID 50 per milliliter. Viral titers were derived from results determined for five or more mice from two or more independently performed experiments. The limit of detection was 100 TCID 50 (dotted line). (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.005 [compared to H7N3 values].) passage in eggs and replication in mice. Six of the seven P H1N1 gene segments contained no nucleotide changes upon culture in eggs. A single point mutation was found in the PA gene of P H1N1 (P 295 L) in H7N3 PA grown 48 h in eggs. This same mutation was identified a second time following an independent attempt to rescue virus with a genetic sequence identical to that of the original P H1N1 PA gene. To analyze genetic stability in vivo, we isolated RNA from lungs of mice infected 7 days with H7N3 PB2 (n ϭ 3), H7N3 NA (n ϭ 3), and H7N3 M (n ϭ 3). No nucleotide changes were found in any of the PB2, NA, or M genes of P H1N1 in the context of the H7N3 virus. Taken together, these data suggest that the P H1N1 gene segments are genetically stable and highly functional in the context of an avian H7N3 virus.
H7N3 and reassortant viruses that contain P H1N1 PB2, NA, or M viruses induce robust inflammatory cytokine and chemokine responses in vivo. The virulence and fitness of an influenza virus in the mouse model are often associated with elevated production of proinflammatory cytokines and chemokines (18) (19) (20) . To further evaluate the functional compatibility between P H1N1 and H7N3 genes, we quantified the inflammatory response in lung tissue 3 and 7 days postinoculation with the three most virulent H7N3: P H1N1 7 ϩ 1 reassortant viruses (H7N3 PB2 , H7N3 NA , and H7N3 M ) and compared the response to that of parental H7N3 and P H1N1 virus. The parental H7N3 virus induced significantly (P Ͻ 0.05) higher concentrations of inflammatory mediators, such as IL-12(p40), than P H1N1 early following inoculation (day 3) (Table 1). Infection with H7N3 PB2 induced higher concentrations of key inflammatory mediators, including CCL2, CCL3, and CCL5, than infection with H7N3 (P Ͻ 0.05) ( Table 2 ). H7N3 PA replication was attenuated in vivo, and this virus correspondingly induced significantly lower levels of many inflammatory cytokines than H7N3 (P Ͻ 0.05). By 7 days postinfection, P H1N1-infected lungs had higher concentrations of cytokines than parental H7N3-infected lungs, while H7N3 PB2 produced even more exacerbated responses in many mediators, including IL-10, CCL2, CCL3, CCL5, and TNF-␣ (P Ͻ 0.05 to P Ͻ 0.001 relative to H7N3 results). H7N3 NA and H7N3 M elicited inflammatory responses that more closely resembled the profile of H7N3 than P H1N1 at both time points following infection.
DISCUSSION
The ongoing reassortment of avian and human IAV threatens human populations worldwide as evidenced by numerous recent zoonotic events (21) . Along with H5 and H9 subtypes, H7 subtype viruses are thought to be candidates for generating a pandemic IAV. We sought to determine the potential for reassortment between a low-pathogenicity North American avian H7N3 virus and diverse avian and mammalian virus isolates. Our studies identified a clear bias toward reassortment of H7N3 with gene segments derived from the 2009 pandemic H1N1 ( P H1N1) virus but not other mammalian virus isolates. We found that single-reassortant H7N3 viruses containing PB2, NA, or M segments of P H1N1 do not attenuate the H7N3 virus in vitro or in vivo. Our results highlight the potential for environmental reassortment that can lead to the introduction of antigenically novel viruses capable of inducing disease in mammals and may inform future surveillance efforts. Moreover, these findings support the potential for emergence of future prepandemic viruses in avian populations without prior mammalian adaptation.
We used a novel plasmid-based genetic screen to assess the compatibility of human and avian genome segments in the context of a low-pathogenicity North American H7N3 virus. We found that P H1N1 genome segments were selected most frequently among mammal-derived segments, suggesting a high degree of functional compatibility of these segments with the H7N3 virus compared to prepandemic human isolates. We found no instances of seasonal H1N1 ( S H1N1) gene segments reassorting with the avian virus and observed inclusion of genes from the PR8 H1N1 strain only seldom. This striking difference suggests that the current H1N1 virus ( P H1N1) is more likely to reassort with other viruses and create novel pandemic viruses. While the mechanism underlying this preference is unknown, it is plausible that the extended adaptation of gene segments of S H1N1 to the human host and other segments of S H1N1 has decreased its ability to reassort with avian or other human viruses. In contrast, gene segments of P H1N1 are found in many different virus isolates, validating the ability to reassort rapidly with other strains of influenza virus.
We observed a high frequency of H7N3 and H7N9 segment selection in instances in which these segments were closely related (Fig. 1B) . However, high nucleotide similarity to the parental H7N3 segment, for example, in the M and NA segments, did not result in high rates of selection in all instances. This difference perhaps indicates that, within this system, structural and functional contacts between proteins or RNA genome segments, and not specifically relatedness, drive viral replication and therefore selection.
Historically, reassortment of influenza viruses has been studied using coinfection models. These experiments provided important information about the natural evolution of IAV; however, they are less controlled and potentially more hazardous if either or both IAVs have previously been shown to transmit between mammals. We provide an alternative method to study influenza reassortment and argue that these experiments not only are safer but also address a different question: what are the molecular requirements for a single gene segment to compete with and reassort into an existing virus genome? Knowing the key features in a genome segment that promotes or inhibits reassortment will result in a better understanding of the process as a whole and therefore improve our predictions of the outcome of experimental and natural coinfections.
These studies identified two pandemic IAV gene segments, NA and M, which in the context of H7N3 virus do not impact viral replication in MDCK cells or pathogenesis in mice. The compatibility of these genes with H7N3 is of interest given their prior association with increased transmission of the 2009 pandemic H1N1 compared with putative pandemic progenitors (22) . Multiple independent reassortment events between human and swine influenza viruses resulted in the creation of novel genome constellations (H1N1v, H2N1v, and H3N2v) capable of aerosol transmission from pig to human due to acquisition of P H1N1 M. Previous investigations of potential reassortment between a highly pathogenic avian H5N1 influenza virus and P H1N1 demonstrated high compatibility between H5N1 and the NA and M segments of P H1N1 (23) . The resulting reassortant viruses similarly did not have altered in vitro replication relative to wild-type H5N1 virus. To further experimentally corroborate the importance of this segment in P H1N1 transmission, multiple studies engineered reassortant viruses that either gained or lost the ability to transmit between mammals following manipulation of M (22, 24) . In combination with M, NA was capable of enhancing the transmission of P H1N1 through altered receptor-destroying activity (NA) and filamentous-particle morphology (M) that change virus release from the respiratory tract of infected animals compared to results seen with diverse contemporary swine isolates. Although our studies did not examine virion morphology or respiratory shedding, additional studies in a model more suitable for examining such phenotypes may provide insights into the activity of these genes in the genetic background of an avian influenza virus.
The potential for transmission of H7-bearing viruses has been demonstrated experimentally (25) . Since other North American H7-HA are able to bind both avian and mammalian receptors, additional adaptations or acquisition of other gene segments via reassortment may be critical to achieve sustained mammalian transmission (26) (27) (28) . Other avian viral subtypes (i.e., H9N2 and H5N1) can reassort with P H1N1 and achieve contact or respiratory droplet transmission (2, 4, 15) . Additionally, reassortant viruses possessing P H1N1 M are capable of directly infecting humans from pigs (29) . Our studies show that H7N3 viruses possessing PB2, NA, or M from P H1N1 are not attenuated in vivo N (30-33) . The PB2 of H7N3 virus contains all avian virus residues, while the PB2 of P H1N1 has the G 590 S and Q 591 R substitutions. Based on this information, we anticipated that the PB2 of P H1N1 would increase replication of the H7N3 7 ϩ 1 virus in mammalian cells. As increased viral replication may exacerbate initial inflammatory responses and lead to subsequent morbidity (18, 20) , we assessed the abundance of cytokines and chemokines present in whole-lung homogenate at two points following infection. Mammal-adapted P H1N1 PB2 increased induction of proinflammatory cytokines IL-6, CCL2, and CCL3 early (day 3) during infection. CCL2 levels also correlated well with morbidity when assessed later during infection at 7 dpi, likely due to increased viral replication early following inoculation. Importantly, while morbidity and viral titer were increased relative to parental H7N3 levels, substitution of P H1N1PB2 did not induce morbidity equivalent to that seen with parental P H1N1 at a low-inoculum dose.
While most H7N3 7 ϩ 1 reassortant viruses did not contain mutations in the P H1N1 gene segment, we repeatedly recovered H7N3 PA virus containing an amino acid substitution at position 295 (P 295 L). In a unique isolate from the 2009 pandemic-A/Tennessee/560/09 (H1N1)-mouse adaptation introduced the inverse mutation PA L 295 P (34) . Upon further examination, creation of a virus with only this mutation led to increased viral replication in normal human bronchial epithelial (NHBE) cells (35) . In a different study, the same group described L 295 P as contributing to increased and prolonged viral shedding and disease in both donor and contact ferrets (36) . Additionally, in the same polymerase assay that we utilized, A/Tennessee/560/09 PA L 295 P increased reporter activity in the context of other A/Tennessee/560/09 proteins and the coexpressed level of PB2 but not of NP (34) . The importance of this residue had not to our knowledge been examined in the context of A/California/04/09 PA before this report, though it may be surmised that the P 295 L mutation is detrimental to PA function in the mammalian host and perhaps was selected for due to interaction with the avian host during growth in chicken eggs or with a component of the H7N3 polymerase complex.
In the context of the H7N3 polymerase complex, this mutation reduced the polymerase activity 2-fold (Fig. 3) . At this time we cannot address if the observed differences in polymerase activity were due to altered protein half-life, expression level, or the inherent enzymatic activity of P H1N1 PA in either H7N3 or P H1N1 complexes. It is not known if this mutation affected the virulence of H7N3 PA in mice, but, on the basis of published data, we expect that an H7N3 virus containing the wild-type PA of P H1N1 (P 295 ) would be more virulent.
Taking the data together, we have established that the 2009 pandemic H1N1 virus has a high degree of compatibility with a North American LPAI H7N3 virus. Further, the single genome segment reassortant viruses containing the P H1N1 segment(s) most frequently selected (PB2, NA, or M) establish productive infection in the mouse respiratory tract, induce morbidity and disease, and persist for at least 1 week, potentially allowing dissemination to others by contact or respiratory transmission. Future studies may examine the potential for transmission of these H7 viruses containing single genes from 2009 pandemic H1N1. These studies emphasize the need for continued surveillance of the avian IAV reservoir and the critical importance of identifying reassortant viruses that contain genomic signatures associated with mammalian disease and transmission.
